Introduction
Tropical cyclones (TCs) and the processes leading to their genesis have since long been a topic of interest in the scientific community. Since the 1950s, six prerequisites were identified as important for TC generation, e.g., Ramage [1959] , Lighthill et al. [1994] , Gray [1998] , and Tory and Frank [2010] : (1) Ocean temperatures in the topmost 50 m exceeding 26.0-26.5
• C; (2) A potentially unstable atmosphere; (3) A moist midtroposphere; (4) Latitudes more than 5
• away from the equator; (5) An initial dynamic disturbance with sufficient convergence and vorticity, e.g., a tropical easterly wave; and (6) A low vertical shear of the horizontal winds.
Dust can potentially influence four of these criteria (numbers 1, 2, 3, and 6, as discussed below). In this regard the Sahara as the world's largest dust source [Washington et al., 2003 ] is a key factor. In distinct outbreaks, the dry, warm, and dust-laden Saharan air layer (SAL) is elevated over West Africa and transports dust across the North Atlantic during the Northern Hemisphere summer months [Carlson and Prospero, 1972; Prospero and Carlson, 1981] . In total, about 25% of Saharan dust emissions are transported westward to the Atlantic [d 'Almeida, 1986; Shao et al., 2011] .
To date, two main effects of aerosols on TCs have been studied: The microphysical effect, which examines how the aerosol particles act as cloud condensation nuclei (CCN) and ice nuclei, and the radiative/dynamic effect, which takes into account the effect of absorption and scattering of solar radiation by aerosol particles with possible subsequent implications on atmospheric dynamics. The concept of seeding TCs with aerosols to reduce their intensity was analyzed as part of the STORMFURY project [Gentry and Hawkins, 1970; Willoughby et al., 1985] . Cotton et al. [2007] and Zhang et al. [2007 Zhang et al. [ , 2009 gave an overview of the simulated hurricane response to African dust. They proposed that seeding hurricanes with dust acting as CCN could reduce hurricane intensity. Besides CCN, giant CCN and ice nuclei potentially contribute to this mechanism [DeMott et al., 2003; van den Heever et al., 2006] . In a case study, Khain et al. [2010] showed that continental aerosols invigorate convection largely at the TC periphery, leading to TC weakening. Similar results were found by Carrio and Cotton [2011] in seeding during virtual aircraft flights. Although another case study BRETL ET AL.
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found an increase in low-level wind speed in the first 10 h after ingestion of CCN prior to a substantial weakening of wind speeds below the winds of a control run [Krall and Cottom, 2012] , most studies found that additional CCN generally weaken TC intensity, e.g., Rosenfeld et al. [2011] and Rosenfeld et al. [2012] .
While there seems to be a consensus on the microphysical impact of dust on TCs, it is controversial whether the radiative effects of dust and the SAL reduce or strengthen TC activity. Using Geostationary Operational Environmental Satellite split-window satellite imagery, Dunion and Velden [2004] identified SAL outbreaks and assigned reduced intensification of TCs to these SAL outbreaks. They attributed this to three mechanisms: an enhanced low-level temperature inversion triggered by the SAL, possibly inhibiting convection in weak African easterly waves (AEWs); dry air intrusion into the TC, which is associated with a reduction of convective available potential energy; and increased vertical wind shear induced by the SAL midlevel easterly jet. Evan et al. [2006] detected an inverse relationship of dust cover and North Atlantic TC activity by evaluating Advanced Very High Resolution Radiometer data for the years 1982-2005 but admitted that this relationship is not proof for a causal effect of dust controlling TC activity. Lau and Kim [2007a] assigned the reduced hurricane activity of 2006 compared to 2005 to the significantly lower sea surface temperatures (SSTs); 30-40% of the SST reduction was attributed to the radiative cooling effect of dust aerosols [Lau and Kim, 2007b] . In contrast to Lau and Kim [2007a] , Foltz and McPhaden [2008] suggested that dust-induced changes in surface shortwave radiation played only a minor role in the cooling of the North Atlantic between 2005 and 2006. The reduced TC activity in 2007 with respect to 2005 was associated with further westward transport of the SAL [Sun et al., 2008] . Therefore, except for conditions 4 and 5, dust could indeed influence the remaining four prerequisites for TC genesis.
However, recent studies affirming a negative impact of the SAL on hurricane activity [e.g., Dunion and Velden, 2004; Lau and Kim, 2007a] barely considered alternative causes of storm weakening or lack of intensification such as changes in vertical wind shear, ocean cooling induced by hurricanes, or weak convective activity not associated with the SAL. Hence, Braun [2010] claimed that these studies were largely built on limited evidence and some false assumptions and emphasized the African Easterly Jet (AEJ) as a source of energy for AEWs. AEWs are known to be conducive for hurricane formation [Frank and Clark, 1980; Landsea, 1993; Frank and Roundy, 2006] and for the transport of desert dust over the Atlantic [Jones et al., 2003] . In fact, there are also a number of studies showing a supporting effect of the SAL on hurricane formation: Using the Global Atmospheric Research Program Atlantic Tropical Experiment [Kuettner, 1974] , Karyampudi and Carlson [1988] claimed that SAL outbreaks are possibly necessary but at least important for the initialization of easterly wave disturbances. In case studies, an inhibiting effect of the SAL was found on Hurricane Andrew (1992), whereas enhancing effects were observed for Tropical Storm Ernesto (1994) and Hurricane Luis (1995) [Karyampudi and Pierce, 2002] . Furthermore, Braun [2010] noted that the frontogenetic properties of the warm SAL seem to facilitate an indirect vertical circulation enhancing convection and thus promoting storm development. He further mentioned that deep saturated ascent is confined to the region to the south where vertical shear associated with the AEJ is weak. However, this does not imply that the Intertropical Convergence Zone (ITCZ) is shifted to the south due to dust aerosols, it seems to be rather the opposite. Reale et al. [2011] emphasized that recent experiments with general circulation models show a northward shift of the Atlantic ITCZ caused by radiative effects of Saharan dust. In their quarter-degree simulations with 72 vertical levels, they found the AEJ to be displaced slightly northward during strong Saharan dust outbreaks. This is in agreement with Wilcox et al. [2010] , who found a northward shift of the ITCZ during SAL dust outbreaks using satellite observations and atmospheric reanalysis data products, and a recent model study by Woodage and Woodward [2014] . Combining microphysical and radiative effects of anthropogenic aerosols, Wang et al. [2014] hypothesized that anthropogenic aerosols have an opposite effect to that of greenhouse gases and noted the importance of using microphysical radiative modules in atmospheric models for TC research.
Recently, Reale et al. [2014] used the assimilated aerosol optical depth from the Moderate Resolution Imaging Spectroradiometer for interactive aerosol modeling. They performed two sets of simulations with aerosol direct radiative effects (termed active dust hereafter) and without radiative effects (termed inactive dust hereafter) for 1 month in 2006 to determine the role of dust on the development of a TC and found that dust radiative effects cause the environment to be less conducive to TC development.
Here we use a similar approach with radiatively active and inactive dust but evaluate the influence of dust on hurricane genesis in the North Atlantic on a statistical basis. For this purpose, sensitivity simulations BRETL ET AL.
©2015. American Geophysical Union. All Rights Reserved. are performed with the general circulation model ECHAM6 [Stevens et al., 2013] coupled to the aerosol module HAM [Stier et al., 2005; Zhang et al., 2012] in a simplified version. Two sets of ensemble sensitivity simulations are performed: One with radiatively active dust and one with inactive dust. Using seasonal ensemble means, we evaluate dust-induced mechanisms associated with the SAL as proposed by Dunion and Velden [2004] and Braun [2010] . A "box difference index" (BDI) ] is used to detect a possible influence of dust on hurricanes and to compare the importance of dust in hurricane genesis to other variables such as wind shear and vorticity. With this setup, we investigate which role Saharan dust plays during hurricane genesis when interacting with incoming solar radiation and how large its impact is. The mechanisms suggested by Dunion and Velden [2004] and Braun [2010] on the relationship between dust and hurricane intensity and genesis are tested in our sensitivity simulations.
Method
Model and Simulations
We use a simplified version of the aerosol-climate model ECHAM6-HAM [Zhang et al., 2012; Stevens et al., 2013] in a spectral resolution of T255 on a quadratic Gaussian grid (approximately 0.5
• × 0.5 • ) with 31 pressure levels reaching up to 10 hPa and a one-moment microphysical cloud convection scheme. The horizontal resolution enables us to obtain a realistic number of storms, but intense hurricanes exceeding category 1 on the Saffir/Simpson hurricane scale [Simpson and Saffir, 1974] , using minimum sea level pressure as categorization criterion, are hardly simulated [Murakami and Sugi, 2010; Raible et al., 2012; Murakami et al., 2012; Strachan et al., 2013 ]. In the model, which is simplified for this study due to computational constraints, dust is the only interactive aerosol. All remaining aerosol species use climatological values.
The particle size distribution of interactive aerosols in HAM is represented by a superposition of log normal modes, where dust is confined to the accumulation and coarse modes. Dust emissions in HAM are governed by wind speed and hydrological parameters [Tegen et al., 2002] , while removal processes include sedimentation and dry and wet deposition [Stier et al., 2005] . In the standard ECHAM6-HAM model, wet deposition of dust particles includes coating and coagulation processes with sulfates. In our simplified ECHAM6-HAM sulfate is not calculated interactively and thus does not interact with dust. Therefore, the scavenging parameters, which govern removal processes of dust particles, are adjusted to adequately simulate North Atlantic dust concentrations. The complex refractive index of dust in HAM is 1.52 + 1.1×10 −3 i at 550 nm, following Kinne et al. [2003] . Shallow convection in ECHAM6 is treated following the Tiedtke scheme [Tiedtke, 1989] , while deep convection includes changes introduced by Nordeng [1994] . Additional tracks -6 3 0 a The column " " denotes the vorticity threshold of the simulations (s −1 ). "Tropical storms" shows only storms which did not reach hurricane intensity. "Additional tracks" refer to detected systems that were not categorized as a hurricane or tropical storm by the National Hurricane Center (NHC). Simulations (20 × 2005) 7.6 0.9 0.1 a "Tropical storms" includes all named tropical systems (simulations: all tracks), "Hurricanes" all storms reaching hurricane intensity, "Major Hurricanes" all hurricanes of categories 3-5.
The simulated atmospheric state of ECHAM6 was thoroughly evaluated with ERA-Interim reanalyses [Stevens et al., 2013] .
SSTs are prescribed as climatological monthly averages. This implies that the direct radiative effects of dust are simulated with a noninteractive ocean surface. Previous studies determined some dust-induced decrease of North Atlantic SST Kim, 2007a, 2007b; Martínez Avellaneda et al., 2010] , but it may be small [Foltz and McPhaden, 2008] . With our approach of fixed SSTs, we try to isolate the atmospheric responses of the radiative effects of dust as proposed by Dunion and Velden [2004] .
Two sets of simulations are performed: The first set consists of 10 free ensemble simulations of the year 2005 with dust being radiatively active (ECHAM6-Dust). Differences in initial conditions are obtained by minimal perturbations of stratospheric horizontal diffusion [Vamborg et al., 2014] . The second set of simulations uses the same setup, but with the interaction between dust and radiation switched off (ECHAM6-no-dust). Table 1 shows the types of ECHAM6 used in this study, if the simplified HAM is used and how radiative effects of dust are treated in the different simulations. The year 2005 is selected because its North Atlantic hurricane season was the most active ever recorded [Beven et al., 2008] , with SSTs more than 1
• C above the long-term mean in the main development region [Sun et al., 2008] . With the above average SSTs of 2005 we expect a larger number of hurricanes than we would obtain for other years, generating a larger database to detect possible changes in hurricane activity between ECHAM6-Dust and ECHAM6-no-dust simulations. Because we use prescribed SSTs, only the direct influence of dust leading to a warming, drying, and a subsequent stabilization of the atmosphere are considered in this study. AEWs peak during the summer months; therefore, only the first 4 months of the North Atlantic hurricane season, June-September, are taken into account in our study. For the analysis we use 6-hourly model output data. The microphysical influence of dust aerosols acting as cloud condensation nuclei or ice nuclei and thus modulating hurricane activity [e.g., Zhang et al., 2007; Rosenfeld et al., 2011 Rosenfeld et al., , 2012 is not included in our model setup. Dunion and Velden [2004] named three mechanisms which explain the inhibiting effect of dust and the SAL on hurricane intensity (section 1). We examine these three mechanisms also for tropical cyclogenesis in our model by looking at possible changes in seasonal ensemble averages (June-September) in temperature, relative humidity, and wind shear between ECHAM6-Dust and ECHAM6-no-Dust simulations. Braun [2010] described a vertical circulation associated with the AEJ, which confines convection to the south where vertical wind shear is weak. Hence, we also investigate dust-induced changes in seasonal ensemble averages of zonal and meridional wind and 700 hPa vertical velocity.
Seasonal Differences Between ECHAM6-Dust and ECHAM6-No-Dust Simulations
Tracking
We track disturbances which developed into a TC (developing disturbances, DDs) and those which did not develop (nondeveloping disturbances, NDDs). The DDs are tracked using the detection and tracking criteria from Kleppek et al. [2008] and Raible et al. [2012] vorticity threshold values [Bengtsson et al., 2007a [Bengtsson et al., , 2007b , 5 × 10 −5 s −1 is the optimal threshold tested to detect and track hurricanes in our simulations. An additional SST criterion is added, tracking only storms over areas with SSTs ≥25
• C on their initial time step [Dare and McBride, 2011] . We furthermore reduced the minimum lifetime criterion to ≥18 h. This threshold is a bit lower than that in comparable studies [Bengtsson et al., 2007b; Kleppek et al., 2008; Murakami et al., 2013] , but is required to counteract the too low number of DDs in the North Atlantic in ECHAM6 with minimum lifetimes, e.g., 24 or 36 h.
To detect NDDs, the tracking algorithm of Kleppek et al. [2008] is modified. NDDs are tracked as local maxima of 850-hPa relative vorticity. Three criteria, similar to the NDD criteria of Murakami et al. [2013] , need to be fulfilled with this new vorticity tracking method: (1) The magnitude of the maximum 850 hPa vorticity needs to exceed 4 × 10 −5 s −1 ; (2) To obtain NDDs with a certain size, the averaged 850 hPa vorticity in a 5
• × 5
• box around its center needs to exceed 2.5 × 10 −5 s −1 ; (3) The minimum lifetime of a detected system is 66 h. The latter is just slightly below the NDD lifetime criterion of 72 h used by Peng et al. [2012] . With these settings we tried to achieve a ratio of roughly 1 to 2 between DDs and NDDs, which is similar to the ratios found in Peng et al. [2012] and Murakami et al. [2013] .
Composites and Box Difference Indices
The BDI is an index designed to determine the ability of a given variable to control TC genesis . For a given box size the BDI is defined as [2013] applied the BDI on TC genesis in a global warming scenario compared to a present-day climate. In this study, the BDI is also applied on dust. As the average dust loading over the North Atlantic significantly decreases toward the west, we only consider disturbances between 20
• W and 50
• W. This excludes disturbances in regions with dust burdens too low to have an impact on hurricane genesis.
In this study composites are made for DDs and NDDs in a 5
• box in longitude and latitude. The box moves with the disturbances so that the storm center is always in the middle. The NDD composites consist of 6-hourly output of an NDD once it is located inside our defined region between 20
• W. With this, In our ensemble sensitivity simulations the following variables are investigated: dust burden, SST, relative humidity in typical SAL heights of 850 and 700 hPa, maximum relative vorticity in 700 hPa, and vertical wind shear between 200 and 850 hPa. As the 850 hPa level is close to the bottom of the SAL, low-to middle-level winds may be underestimated [Dunion and Velden, 2004] . Hence, our lower tropospheric winds in 850 hPa denote the mean of the 700-925 hPa layer. As mentioned above, SST, vorticity, and wind shear are known to be decisive factors for TC formation.
Results
Limitations Due to Spatial Resolution
The simulation of realistic tropical cyclones requires an adequate spatial resolution. While to date the influence of vertical resolution on TCs is hardly discussed in literature, the effect of horizontal resolution has been subject to several studies, e.g., Bengtsson et al. [2007b] ;, Murakami and Sugi [2010] , and Strachan et al. [2013] . Our horizontal resolution of around 52 km enables us to realistically simulate the frequency of tropical storms [Strachan et al., 2013] but not with the observed intensity (Table 3) . Within 20 ensemble simulations (June-September), only two intense hurricanes are generated with minimum SLPs of 948 and 962 hPa, located in the Gulf of Mexico. All remaining storms in the North Atlantic did not undershoot 980 hPa. The most intense storm forming in our defined region between 20
• W only reached 1000 hPa (Figure 1) . Furthermore, the maximum wind is found in a height of 550 hPa, which is in much higher altitudes than in reality [Nolan et al., 2009] . Two time steps after the minimum SLP was obtained; the Figure 7b denote dust mixing ratio in ECHAM6-Dust, intervals of 25 ng kg −1 . The black arrow depicts the schematic position of the African easterly jet; lined shading denotes statistical significant changes at the 5% level (two-sided t test).
storm was not detected any more due to a slight increase in wind shear. In a recent study, Lim et al. [2014] suggested that a resolution of 0. during the Atlantic hurricane season (June-November). They found TC count, spatial distribution and tracks to resemble observations, with intensities of up to 80 m s −1 . The low intensity of our hurricanes is a limitation of our results that needs to be kept in mind.
Simulated and Observed Dust
For validation of atmospheric dust loadings, the mean aerosol optical depth (AOD) is compared to observations. For the simulations, we took mean values of the 10 free ensemble simulations of 2005 with ECHAM6-Dust. AOD observations were obtained using the MODerate resolution Imaging Spectroradiometer (MODIS) on the Terra spacecraft [Savtchenko et al., 2004] . For both simulations and observational data, average values of June-September 2005 were taken. The model was not sampled along the Terra track. Hence, the simulation mean consists of all model time steps, while MODIS observations take into account solely data points of Terra overflights. In ECHAM6-Dust simulations the AOD is slightly lower than in observations ( Figure 2 ). As simulated dust emissions are highly sensitive to wind speed and aerosol removal processes, differences are likely due to them. The simulated decrease in AOD toward the west is similar to what MODIS observed. Hence, the adjustment of our scavenging parameters for wet deposition in our simplified ECHAM6-HAM seems justified. Further comparisons of simulated AOD and dust concentrations in ECHAM6-HAM to observations were given by Stanelle et al. [2014] .
Mean Background Climate During DDs and NDDs
NDDs in ECHAM6-Dust and ECHAM6-no-dust simulations are located mainly between 12.5
• N and 17.5
• N (hereafter termed the NDD region), while DDs are located primarily between 7.5 • N and 12.5
• N (hereafter termed the DD region, see Figure 3 ). For the discussion of Figures 4-7 , we define the SAL as regions where (Figure 4a ) with peak dust concentrations between 800 and 900 hPa. The SAL in ECHAM6 becomes thinner to the west with the top height decreasing and base slightly increasing resembling the observations of Prospero and Carlson [1981] . Due to absorption of solar radiation by dust, the atmosphere shows a statistically significant warming in the lower part of the SAL (roughly 950-850 hPa, Figure 5a ) between 20
• W, and averaged over 12.5
• N-17.5
• N when comparing ECHAM6-Dust with ECHAM6-no-dust simulations. This warming increases the stability in this region and subsequently reduces the probability of storms forming during dust outbreaks. The same warming pattern is found by Reale et al. [2014] and is probably caused by the decrease in dust concentration with altitude and the dependence of absorption on particle size as larger dust particles absorb more solar radiation than smaller ones [Tegen and Lacis, 1996; Helmert et al., 2007] . The settling of larger particles leaves mainly smaller particles within the upper parts of the SAL, which are too small to cause a warming. However, the warming depends on the dust particle size distribution, optical properties and removal parameterization in the model. On the contrary, the upper part of the SAL shows a slight cooling. We hypothesize the conservation of radiative equilibrium to be responsible for this cooling. However, as in comparable studies [Wong et al., 2009; Wilcox et al., 2010; Reale et al., 2014] the exact mechanism of the cooling above the dust-induced warming could not be determined. Concomitant with the increase in temperature, the relative humidity shows a significant decrease within the lower SAL (Figure 6a ).
In the main DD region (Figure 4b ) in lower latitudes, dust concentrations are not as high as in the NDD region between 12.5 • N and 17.5
• N. Hence, the warming is smaller (Figure 5b ) but also reaches slightly higher altitudes than in the higher latitudes of the NDD region with only a few areas showing a statistically significant warming. Nevertheless, this small warming could still inhibit convection when dust is radiatively active because the atmosphere is also slightly drier than in ECHAM6-Dust simulations (Figure 6b ). However, dust concentrations in the DD region are lower than in the NDD region. Thus, one cannot attribute dust the same impact in the DD region compared to the NDD region. Neglecting other factors as SST and vertical Figure 10a , light-blue dot shows the average location of DDs in ECHAM6-Dust, light-green dot for NDDs. wind shear which are known to have a large influence on hurricane genesis [Dare and McBride, 2011; Molinari et al., 2004] , the potential influence of dust seems to be larger in the NDD region than in the DD region.
As seen before, the variations in temperature between ECHAM6-Dust and ECHAM6-no-dust simulations cause a more stable low-level SAL at 12.5
• N in ECHAM6-Dust simulations which subsequently cause differences in air motions. To illustrate this the meridional wind averaged over the NDD region shows a low-level southward flow between approximately 20
• W and 40
• W, while midlevels reveal northward flow (Figure 7a ). This is in agreement with a vertical circulation associated with the SAL previously mentioned by Braun [2010] . This vertical circulation indicates southward flow below the AEJ and northward flow above with upward vertical motions on its southern edge and sinking on its northern edge. The dust-induced warming in the ECHAM6-Dust simulations causes both statistically significant increases in low-level southward and midlevel northward flows between 15
• W and 30
• W (Figure 7b ), intensifying the meridional wind compared with ECHAM6-no-dust simulations. This is accompanied by a statistically significant increase of the westward flow of the AEJ south of the main dust region within the North Atlantic SAL and a slight decrease of this flow to the north (Figure 8 ).
Due to the increase in low-level southward meridional wind, convective regions are partly deflected. The vertical velocity in the ECHAM6-no-dust simulations shows a broad region with upward motions around 10 • N (Figure 9a ), depicting the ITCZ. Although there are statistically significant changes in upward vertical velocity which result in a southward shift of convection (Figure 9b ), these changes are rather small. This shift is opposite to both observational [Wilcox et al., 2010] and modeling studies [Reale et al., 2011; Woodage and Woodward, 2014] ; hence, it may be rather an artifact of our model resolution than an effect of dust aerosols. Vertical shear of zonal winds decreases toward the south between approximately 10
• N and 18
• N (Figure 10a ), supporting hurricane genesis in lower latitudes. However, the vertical wind shear is higher in the tropical North Atlantic in ECHAM6-Dust simulations (Figure 10b) . A moderate wind shear of up to 10 m s −1 is suggested to support TC genesis [Bracken and Bosart, 2000; Molinari et al., 2004] . Thus, it depends on the magnitude of the background wind shear whether the dust-induced increase in wind shear lowers or raises the potential of hurricane genesis.
Frequency of Disturbances Between 20
• W during June to September 2005, three tropical depressions were observed which developed into a hurricane. Fostered by the above average SSTs in the North Atlantic main development region (10 Sun et al. [2008] ), this is higher than the long-term average of the National Hurricane Center HURDAT database (1851-2009) of 1.3 hurricanes per season (June-September) in this region. A nonsignificant change in the frequency of DDs is found between ECHAM6-no-dust and ECHAM6-Dust simulations (1.9 versus 1.5 per season, Table 4 ). Compared to the observations of 2005, we underestimate the number of hurricanes/developing disturbances per season in ECHAM6-Dust and ECHAM6-no-dust simulations. The underestimation of hurricanes in the North Atlantic was also previously found for ECHAM5 [Bengtsson et al., 2007a] .
However, the frequency of DDs strongly depends on the lifetime criterion of the tracking algorithm. With 24 instead of 18 h as the minimum lifetime, an increase in frequency is found between ECHAM6-no-dust decrease of around 25%, which is largely independent of the lifetime of the NDDs, but this decrease is not statistically significant.
Composites
DDs and NDDs in ECHAM6-Dust ( Figure 3a ) and ECHAM6-no-dust (Figure 3b ) are characterized with a composite analysis of key variables for hurricane development. For this purpose, changes of the mean values between ECHAM6-no-dust and ECHAM6-Dust simulations are determined. Note that the DDs are located 4
• -5
• southward of the NDDs (Table 5) . For most variables, differences between DDs and NDDs are therefore primarily due to different locations. This includes, e.g., SST, which increases considerably between 10 • N and 20
• N when going from North to South, while wind shear shows a decrease. In addition, dust concentrations decrease substantially between main NDD and DD regions.
In ECHAM6-no-dust, the mean dust burden for the DDs is around 170 mg m −2 ; this amount triples for the NDDs (Figure 11a ). The average dust burden close to the West African coastline at around 15
• N to 18
• N decreases rapidly westward and southward (Figure 3a) . Therefore, a lower dust burden in DDs compared with NDDs is accompanied by warmer SSTs (Figure 3b ). The SSTs are 1.5
• C higher for DDs than for NDDs (Figure 11b ). Background relative humidity (RH) between 12.5
• N (Figure 6a ) shows an opposite development between ECHAM6-no-dust and ECHAM6-Dust in low level and midlevel; hence, composites are evaluated for two levels (Figures 11c and 11d ). At 850 (700) hPa, the mean RH is 86% (82%) for the DDs and 59% (61%) for the NDDs. This is consistent with the background mean RH, which decreases between 850 and 700 hPa in the main DD region between 7.5 • N and 12. (Figure 11e ). The maximum 700 hPa relative vorticity is slightly lower for NDDs than for DDs (7.6 versus 8.7 s −1 , Figure 11f ).
In ECHAM6-Dust, developing disturbances are located 1
• southward of the DDs in ECHAM6-no-dust (Table 5 ). This southward shift matches the southward shift in convection mentioned in section 3.3 but is BRETL ET AL.
©2015. American Geophysical Union. All Rights Reserved. this is the temporal displacement of the NDDs. In our defined region, SSTs rise between June and September, but the majority of NDD time steps which contribute to the BDI occur earlier in ECHAM6-no-dust than in the ECHAM6-Dust simulations (Figure 12 ). Hence, NDDs in ECHAM6-no-dust have lower SSTs than those in ECHAM6-Dust. As monthly mean locations between ECHAM6-no-dust and ECHAM6-Dust simulations are about the same, on-average NDDs in ECHAM6-Dust need warmer waters to compensate for the increased stability in these simulations. Similar results are found for the mean relative humidity at 700 and 850 hPa. While there is an increase in mean relative humidity in DDs due to the southward shift of DDs in ECHAM6-Dust, the increase in humidity of NDDs is caused by the temporal displacement of the NDDs as described above. Changes in humidity at 700 hPa are significant at the 5% (NDDs) and 10% (DDs) levels of confidence, but no statistical significant changes can be identified for 850 hPa. Mean vertical shear and maximum relative vorticity show only minor variations between ECHAM6-no-dust and ECHAM6-Dust simulations with no statistical significance.
BDIs
For determining the influence of dust on hurricane genesis we investigate differences in BDIs between ECHAM6-no-dust and ECHAM6-Dust. To quantify the differences in the DD and NDD composite means, the BDI is calculated for five variables for the 5
• box (Figure 13 ). For the dust burden, the BDI varies only slightly between ECHAM6-no-dust and ECHAM6-Dust (−0.51 to−0.57). This indicates that the presence of dust in and around disturbances does not vary substantially when dust is radiatively active or inactive. For SST, the BDI decreases slightly from 1.09 to 1.02.
Relative humidity shows an increase in BDI between ECHAM6-no-dust and ECHAM6-Dust simulations from 0.68 to 0.88 at 700 hPa and from 0.87 to 1.03 at 850 hPa. These increases are both caused by the further southward located DDs in ECHAM6-Dust. The standard deviations of these DDs are smaller than in ECHAM6-no-dust. Due to the only minor and nonsignificant changes in wind shear in the composite means, vertical shear between 200 and 850 hPa reveals only small differences in BDIs of −0.36 to −0.41. 
Discussion and Conclusions
Previous studies showed inhibiting impacts of dust and the SAL on hurricane activity [Dunion and Velden, 2004; Lau and Kim, 2007a; Reale et al., 2014] , while others found opposite effects [Karyampudi and Carlson, 1988; Braun, 2010] . Our study confirms the complexity of this subject. Radiatively active dust causes several effects in background conditions: (1) A low-level warming with a cooling above in the central SAL region, in agreement with Wong et al. [2009 ], Wilcox et al. [2010 , and Reale et al. [2014] ; (2) a drying of the atmosphere in this region; (3) an increase in vertical shear in large parts of the tropical North Atlantic; and (4) a strengthening of the vertical circulation associated with the AEJ. Results (1)-(3) confirm the findings of Dunion and Velden [2004] and (4) those of Braun [2010] . There is also a southward shift of convection within the ITCZ, but this shift is only small. Developing disturbances are shifted to the south by 1 • , which is not statistically significant. For both types of disturbances no significant change in frequency can be determined. Changes in environmental conditions also depend on the optical properties of dust. An increase in dust absorption in the ECHAM6-Dust simulations would lead to a further warming of the SAL and stabilization of the atmosphere. Hence, subsequent increases in meridional and vertical motions presumably lead to an enhanced vertical circulation around the SAL.
On average, our DDs are located 4
• in latitude southward of the NDDs, due to the southward increasing SST west off the North African coastline. In addition, the northward increasing shear of 0 to 15 m s −1
between 10
• N and 20
• N is a crucial influencing factor for hurricane formation depending on its location.
The large difference in dust burden between DDs and NDDs thus coincides with different average locations as the DDs are located mainly at the southern edge of the SAL.
We detect statistically significant changes in dust burden composites between ECHAM6-no-dust and ECHAM6-Dust simulations such that dust burden decreases for DDs in ECHAM6-Dust but increases for NDDs. However, neither shear nor vorticity reveal significant changes between ECHAM6-no-dust and ECHAM6-Dust. Accounting for the limitations in spatial resolution in our setup, this indicates that radiatively active dust does not have a significant impact on dynamical hurricane influential parameters during hurricane genesis. Changes in relative humidity also coincide with the variation in DD and NDD locations.
Variations in BDIs between ECHAM6-no-dust and ECHAM6-Dust do not show a pattern which could assign dust a crucial role. However, dust has a modulating effect due to changes in atmospheric stability as discussed above. In the study , thermodynamic variables (water vapor content, rain rate, and SST) have larger BDIs than dynamic variables (vorticity, vertical wind shear, and divergence) and are thus more important as hurricane genesis controlling variables. One has to keep in mind that our findings are statistical results and do not exclude a potentially larger effect of dust and the SAL on individual storms. To assign (non)genesis and intensification of certain storms to the presence of dust and the SAL, these storms need to be examined carefully and individually as done by Karyampudi and Pierce [2002] . Furthermore, the too low spatial resolution in our simulations is a considerable constraint of our study. The results presented here only refer to systems of tropical storm intensity. However, the numbers in storms obtained by our TC-tracking algorithm are similar to long-term observations. Hence, we believe our results to be valid for a discussion about hurricane genesis and frequency. To evaluate intense storms as well, our method needs to be applied with significantly higher horizontal resolutions in a global or regional model. Besides resolution the second limitation of our study is the lack of atmosphere-ocean interactions in our model setup. We focused on the mechanisms suggested by Dunion and Velden [2004] but did not find any significant influence of dust on hurricane genesis in our simulations. Using prescribed SSTs instead of interactive SSTs may lead to variations in regional circulation [Miller et al., 2004] . Hence, for future studies we strongly recommend a coupled atmosphere-ocean model.
